Fractal structures appear in a vast range of physical systems. A literature survey including all experimental papers on fractals which appeared in the six Physical Review journals ͑A-E and Letters͒ during the 1990s shows that experimental reports of fractal behavior are typically based on a scaling range ⌬ that spans only 0.5-2 decades. This range is limited by upper and lower cutoffs either because further data are not accessible or due to crossover bends. Focusing on spatial fractals, a classification is proposed into ͑a͒ aggregation, ͑b͒ porous media, ͑c͒ surfaces and fronts, ͑d͒ fracture, and ͑e͒ critical phenomena. Most of these systems ͓except for class ͑e͔͒ involve processes far from thermal equilibrium. The fact that for self-similar fractals ͓in contrast to the self-affine fractals of class ͑c͔͒ there are hardly any exceptions to the finding of ⌬р2 decades, raises the possibility that the cutoffs are due to intrinsic properties of the measured systems rather than the specific experimental conditions and apparatus. To examine the origin of the limited range we focus on a class of aggregation systems. In these systems a molecular beam is deposited on a surface, giving rise to nucleation and growth of diffusion-limited-aggregation-like clusters. Scaling arguments are used to show that the required duration of the deposition experiment increases exponentially with ⌬. Furthermore, using realistic parameters for surfaces such as Al͑111͒ it is shown that these considerations limit the range of fractal behavior to less than two decades in agreement with the experimental findings. It is conjectured that related kinetic mechanisms that limit the scaling range are common in other nonequilibrium processes that generate spatial fractals.
I. INTRODUCTION
The concept of fractal geometry ͓1,2͔ has proved useful in describing structures and processes in experimental systems ͓3-9͔. It provides a framework that can quantify the structural complexity of a vast range of physical phenomena. Fractals are objects that exhibit similar structures over a range of length scales for which one can define a noninteger dimension. There are different procedures to evaluate the fractal dimension of an empirical fractal, all based on multiple resolution analysis. In this analysis one measures a property P of the system ͑such as mass, volume, etc.͒ as a function of the resolution used in measuring it ͑given by a yardstick of linear size r). Fractal objects are characterized by
where D is the fractal dimension and k is a prefactor ͑related to the lacunarity of the object͒. For such objects the graph of log 10 P versus log 10 r exhibits a straight line over a range of length scales r 0 ϽrϽr 1 where r 0 (r 1 ) is the lower ͑upper͒ cutoff. The fractal dimension D is given by the slope of the line within this range. Typically, the range of linear behavior terminates on both sides by r 0 and r 1 either because further data are not accessible or due to crossover bends beyond which the slope changes. For example, in spatial fractals the scaling range is limited from below by the size of the basic building blocks from which the system is composed and from above by the system size. However, the empirically measured scaling range may be further reduced due either to properties of the measured system or limitations of the apparatus. System properties that may further restrict the scaling range may be ͑a͒ mechanical strength of the object which is reduced with increasing size, ͑b͒ processes that tend to smooth out the structure and compete with the fractal generating processes, ͑c͒ noise, impurities, and other imperfections in the system, and ͑d͒ depletion of resources such as space available for growth or feed material. The apparatus may limit the observed scaling range due to ͑a͒ limited resolution at the smallest scales, ͑b͒ limited scanning area, which may be smaller than the system size, ͑c͒ limited speed of operation, which does not allow one to collect enough statistics, ͑d͒ constraints in operation conditions such as temperature, pressure, etc., which may impose parameters not ideal for the given experiment. There are different ways to classify empirical fractals. One classification is according to the type of space in which they appear. This can be ͑a͒ real space, ͑b͒ phase space, ͑c͒ parameter space, and ͑d͒ the time domain ͑time series͒. Spa-tial fractals appear in both equilibrium and nonequilibrium systems. The theory of critical phenomena predicts that at the critical point of fluids, magnets, and percolation systems the correlation length diverges ͓10,11͔. As a result, fractal domain structures appear over all length scales up to the system size. Experimental evidence for fractal structures at criticality has been obtained for example, in the context of percolation ͓12͔, in agreement with the theory ͓13,14͔ and computer simulations ͓15,16͔. Reaching the critical point requires fine tuning of the system parameters, as these points are a set of measure zero in parameter space. Most empirical fractals have been found in systems far from thermal equilibrium and thus not only out of the scope of critical phenomena, but where equilibrium statistical physics does not apply.
A variety of dissipative dynamical systems exhibit strange attractors with fractal structures in phase space. The theory of dynamical systems provides a theoretical framework for the study of fractals in such systems at the transition to chaos and in the chaotic regime ͓17͔. At the transition to chaos, fractals are found also in parameter space ͓18͔ while time series measured in the chaotic regime exhibit fractal behavior in the time domain ͓19͔. Fractal dimensions of objects in phase space are not limited by the space dimension, giving rise to the possibility of DϾ3. Effective methods for embedding experimental time series in higher dimensional spaces to examine the convergence of fractal dimension calculations were developed and widely applied ͓20͔. However, these should be used with care as the number of data points required in order to measure fractal dimensions ͑FD͒ from embedded time series increases exponentially with the dimension of the underlying attractor ͓21͔.
In this paper we will focus on fractals in real space. One can classify the spatial fractal structures according to physical processes and systems in which they appear. We identify the following major classes: ͑a͒ aggregation, ͑b͒ porous media, ͑c͒ surfaces and fronts, ͑d͒ fracture, ͑e͒ critical phenomena ͑e.g., in magnets, fluids, percolation͒. Note that some systems may belong to more than one class. For example, classes ͑a͒ and ͑d͒ describe the dynamical processes that generate the fractal while classes ͑b͒ and ͑c͒ describe the structure itself. Moreover, there is some overlap between ͑b͒ and ͑c͒ since studies of porous media often focus on the fractal structure of the internal surfaces of the pores ͓22͔. For case ͑e͒ of equilibrium critical phenomena there are solid theoretical predictions of fractal structures at the critical point, most extensively examined for the case of percolation ͓13,14͔.
The cutoffs in such systems may appear due to small deviations of the parameters from the critical point values and due to the finite system size. Spatial fractals in the four other classes typically result from nonequilibrium processes. One should single out the case of surfaces and fronts ͑c͒, which are often inherently anisotropic and their fractal nature is characterized by self-affine rather than self-similar structure ͓9͔. Among the other three classes, within the physics literature, fractals in aggregation phenomena have been most extensively studied.
The abundance of fractals in aggregation processes stimulated much theoretical work in recent years. The diffusionlimited-aggregation ͑DLA͒ model, introduced by Witten and Sander ͓23,24͔, provides much useful insight into fractal growth ͓25͔. This model includes a single cluster to which additional particles attach once they reach a site adjacent to the edge of the cluster. The additional particles are launched one at a time from random positions far away from the cluster and move as random walkers until they either attach to the cluster or move out of the finite system. Numerical simulations of this model were used to create very large fractal clusters of up to about 30ϫ10 6 particles ͓26͔. These clusters exhibit fractal behavior over many orders of magnitude ͑al-though the lacunarity seems to change as a function of the cluster size͒. The asymptotic behavior of the DLA cluster has been studied analytically and numerically for both lattice and continuum models, indicating a considerable degree of universal behavior ͓27,28͔. A universal fractal dimension DХ1.7 was observed in two dimensions ͑2D͒ and DХ2.5 in three dimensions ͑3D͒ ͓29͔.
Morphologies similar to those of the DLA model and fractal dimensions around 1.7 have been observed in a large number of distinct experimental systems. These include electrodeposition ͓30͔ and molecular beam epitaxy ͑MBE͒ ͓31͔. However, unlike the theoretical model, the experimentally observed morphologies are typically somewhat more compact and the scaling range does not exceed two orders of magnitude. This observation has to do with the fact that unlike theoretical models, which may be inherently scale free, in empirically observed fractals the range of length scales over which scaling behavior is found is limited by upper and lower cutoffs. For finite systems, the scaling range is limited by lower and upper cutoffs even if the internal structure is scale free. In this case the lower cutoff is the basic unit ͑or atom͒ size in the system, while the upper cutoff is of the order of the system size. However, typically the scaling range is much narrower than allowed by the system size, thus limited by other factors. This width is not predicted by theoretical models and in many cases not well understood. There have been some suggestions on how to incorporate the limited range into the analysis procedure ͓32͔. On the one hand, this range may be simply limited by the apparatus used in a given experiment. If this is the case, we would expect to see, at least in some experiments, when the most proper apparatus is chosen, a broad scaling range limited only by the system size. On the other hand, the scaling range may be limited by properties intrinsic to the system. In this case, using a different apparatus is not expected to dramatically broaden the scaling range.
In this paper we explore the status of experimental measurements of fractals. Using an extensive survey of experimental fractal measurements we examine the range of scales in which the fractal behavior is observed and the fractal dimensions obtained. We observe a broad distribution of measured dimensions in the range 0.5ϽDϽ3, most of which are interpreted as nonuniversal dimensions, that depend on system parameters. This distribution includes a peak around Dϭ1.7 due to structures that resemble 2D DLA-like clusters, which account for a significant fraction of the class of aggregation processes. More importantly, we find that the range of fractal behavior in experiments is limited between 0.5-2 decades with very few exceptions as discussed above. There may be many different reasons for this, which can be specific to each system or apparatus. However, the fact that the distribution is sharply concentrated around 1.5 decades and the remarkably small number of exceptions indicate that there may be some general common features that limit this range. Trying to identify such features, we focus in this paper on a class of aggregation problems that appear in MBE experiments. In these experiments a finite density of DLA-like clusters nucleate and grow on the substrate. The width of the scaling range is limited by the cluster size ͑upper cutoff͒, and the width of its narrow arms ͑lower cutoff͒ which can be as small as the single atom. We show that a small increase in the scaling range requires a large increase in the duration of the MBE experiments. Moreover, at long times edge diffusion and related processes that tend to smooth out the fractal structures become significant. These processes tend to increase the lower cutoff and in this way limit the possibility of further extending the scaling range. This detailed argument is presented only for MBE-like aggregation problems. However, we believe that related arguments, based on the fact that in empirical systems there is no complete separation of time scales, may apply to other classes of fractal structures out of equilibrium.
This paper is organized as follows. In Sec. II we present an extensive survey of experimental measurements of fractals and examine the empirical dimensions and scaling range. In order to obtain a better understanding of the limited scaling range, we focus in Sec. III on the case of nucleation and growth of fractal islands on surfaces. The width of the scaling range is obtained as a function of the parameters of the system and it is shown that under realistic assumptions it does not exceed two decades. These results and their implications to empirical systems are discussed in Sec. IV, followed by a summary in Sec. V.
II. SURVEY OF EXPERIMENTAL RESULTS
Here we present an extensive survey of experimental papers reporting fractal measurements, and examine the range of length scales over which fractal properties were observed, as well as the reported dimensions. In our survey we used the INSPEC database from which we extracted all the experimental papers in Physical Review A-E and Physical Review Letters over a period of seven years ͑January 1990-December 1996͒ that include the word fractal in the title or in the abstract, a total of 165 papers ͓33͔. These papers account for 9.1% of the 1821 experimental papers on fractals that appeared during that seven year period ͓and 6.8% of all such papers ever published ͑2425 papers since 1978͔͒ in all scientific journals listed by INSPEC.
Experimental measurements of fractal dimensions are usually analyzed using the box counting or related methods. In these measurements a log-log plot is reported in which the horizontal axis represents the length scale ͑such as the linear box size͒ and the vertical axis is some feature ͑such as the number of boxes that intersect the fractal set͒ for the given box size. Typically, the reported curves include a range of linear behavior. This range terminates on both sides by upper and lower cutoffs either because further data are not accessible or due to a knee beyond which the line is curved. The apparent fractal dimension is then obtained from the slope of the line in the linear range. Out of the 165 papers mentioned above, 86 papers ͓34-119͔ included such a plot ͑and 10 of them included two plots͒. For each one of these 96 log-log plots we extracted both the fractal dimension and the width of the linear range between the cutoffs ͑Table I͒ ͓120͔. Table  I includes a row for each one of the 96 measurements. The first column briefly describes the context of the experiment. The second column provides a classification of the systems into the following categories: aggregation (A), porous media ( P), surfaces and fronts (S), fracture (F), critical phenomena (C), fracton vibrations (V), turbulence (T), random walk (R), and high energy physics (H). In cases where more than one class is appropriate we assign both classes. The next two columns provide the fractal dimension ͑FD͒ and the width of the scaling range in which fractal behavior was detected (⌬). The next three columns provide the lower cutoff (r 0 ), the upper cutoff (r 1 ), and the units in which these cutoffs are measured. Note that in many of the papers the scales in the log-log plots are provided in a dimensionless form or in arbitrary units. In these cases we left the units column empty. The last two columns provide the reference number and the figure number in that paper from which the FD, ⌬, and the cutoffs were obtained. We found that 29 measurements belong to class A, 19 to P, 18 to S, 6 to F, 8 to C, 4 to V, 2 to T, 4 to R, and 10 to H.
To examine the distribution of widths of the scaling range we present a histogram ͑Fig. 1͒ that shows, as a function of the width ͑in decades͒ the number of experimental measurements in which a given range of widths was obtained. Surprisingly, it is found that the typical range is between 0.5 and 2 decades with very few exceptions. To obtain more insight about the scaling range we present separate histograms for aggregation ͓Fig. 2͑a͔͒, porous media ͓Fig. 2͑b͔͒, and surfaces and fronts ͓Fig. 2͑c͔͒. The distribution for aggregation systems is basically similar to the one of Fig. 1 , with a peak around 1.5 decades. We note in particular that it does not include measurements over significantly more than two decades. The width distribution for porous media has the same general shape, however, the scaling range is typically narrower and the peak is centered around one decade. The width distribution for surfaces and fronts includes both a flat range between one and two decades, in addition to a few cases with three and four decades. It is interesting to note that the papers in which three or four decades of scaling behavior are reported ͓46,72,87,90͔ are in the context of surfaces and fronts, related to self-affine, rather than self-similar fractals. This observation raises the question of whether, for self-similar fractals, there are some common features of the empirical systems reviewed here, which tend to limit the width of the scaling range.
To obtain the distribution of measured fractal dimensions we constructed a histogram ͑Fig. 3͒ showing the number of experiments that observed fractal dimension in a given range. The fact that most of the experiments deal with spatial fractals is reflected in the observation that in most cases Dр3 ͓121͔. Two peaks are identified in the histogram, around DХ1.7 and DХ2.5. In addition to these peaks, there is a broad distribution of observed dimensions in the entire range of 0.5ϽDϽ3.0. To further examine the observed dimensions we also show separately their distributions for the classes of aggregation ͓Fig. 4͑a͔͒, porous media ͓Fig. 4͑b͔͒ and surfaces ͓Fig. 4͑c͔͒. The statistics available for the other classes is not sufficient to draw significant conclusions. We observe that for aggregation systems there is a huge peak TABLE I. Experimental reports on fractals in Physical Review journals from January 1990 to December 1996, presented in chronological order. In the first column the context of each experiment is briefly mentioned. It is then classified, in the second column according to the following classification: aggregation (A); porous media ( P); surfaces and fronts (S); fracture (F); critical phenomena (C); fracton vibrations (V); turbulence (T); random walk (R), and high energy physics (H). The next two columns provide the fractal dimension ͑FD͒ and the width of the scaling range in which fractal behavior was detected (⌬). The next three columns provide the lower cutoff (r 0 ), the upper cutoff (r 1 ), and the units in which these cutoffs are measured. For papers in which the log-log scales are provided in a dimensionless form or arbitrary units we left the units' column empty. The last two columns provide the reference number and the figure number in that paper from which the FD, ⌬, and the cutoffs were obtained. around DХ1.7 that corresponds to 2D DLA. In addition, there are some systems with higher dimension, a few of them may correspond to 3D DLA, for which the dimension is DХ2.5. For porous media we observe a rather flat distribution of fractal dimensions in the range 1.5ϽDϽ2.8. For surfaces and fronts there are two peaks, one around DХ1.5, which includes topologically one-dimensional fronts, and the other one around DХ2.5, which includes rough twodimensional surfaces. The measured dimensions in Table I represent not only empirical measurements of the fractal dimension D 0 , but in some cases these are generalized fractal dimensions. In particular, experiments in which scattering techniques are used tend to provide the correlation dimension D 2 . The generalized dimension D q is a monotonically decreasing function of q ͓122,123͔.
Due to the broad scope of systems included in our survey, it is not possible at this stage to provide general arguments. We chose to focus our discussion on the class of aggregation systems in which a finite density of DLA-like clusters nucleates on surfaces. These systems are in a way representative, as they exhibit spatial fractal structures that grow out of thermal equilibrium. Moreover, DLA-like structures account for a significant fraction of the surveyed papers and are thus particularly relevant.
III. DLA-LIKE CLUSTERS ON SURFACES
We will now examine the scaling properties and cutoffs in a class of systems in which DLA-like clusters nucleate and grow on a surface. Particularly, in MBE a beam of atoms is deposited on a substrate. These atoms diffuse on the surface and nucleate into islands that keep growing as more atoms are added. MBE experiments on systems such as Au on Ru͑0001͒ ͓31,124͔, Cu on Ru͑0001͒ ͓124͔, and Pt on Pt͑111͒ ͓125,126͔ give rise to DLA like clusters with dimensions close to 1.7. We will now consider the growth processes in such experiments.
In MBE experiments atoms are randomly deposited on a clean high symmetry surface from a beam of flux F ͓given in monolayers ͑ML͒ per second͔. Each atom, upon attachment to the surface, starts hopping as a random walker on a lattice ͓which can be a square lattice for fcc ͑001͒ substrates and triangular lattice for fcc ͑111͒ substrates͔ until it either nucleates with other atoms to form an immobile cluster or joins an existing cluster. The hopping rate h 0 ͑in units of hops per second͒ for a given atom to each unoccupied nearest neighbor site is
where Х10 12 is the standardly used attempt frequency, E B is the energy barrier, k B is the Boltzmann factor, and T is the temperature. The coverage after time t is then ϭFt ͑in ML͒. The submonolayer growth is typically divided into three stages: the early stage is dominated by island nucleation, followed by an aggregation dominated stage until coalescence sets in. In studying the fractal properties of islands we are interested in the late part of the aggregation stage, where islands are already large, but separated from each other, as coalescence is not yet dominant. The scaling behavior at this stage has been studied using both rate equations ͓127-132͔ and Monte Carlo ͑MC͒ simulations ͓133-141͔. It was found that the density of islands N is given by
͑3.2͒ 1.5ϫ10
FIG. 1. Distribution of the widths of the scaling range for fractal measurements reported in Physical Review journals between 1990 and 1996. The horizontal axis shows the width of the linear range in the log-log plots ͑measured in decades͒ over which the FD was determined and the vertical axis shows the number of measurements in which a given width was obtained. Note that most fractal measurements appear to be based on data that extends between 0.5 and 2 decades. The bin-width is 0.3 decade.
The exponent ␥ is determined by the microscopic processes that are activated on the surface during growth. It can be expressed in terms of the critical island size i*, which is the size for which all islands with a number of atoms sрi* are unstable ͑namely, dissociate after a short time͒ while islands of size sуi*ϩ1 are stable. It was found, using scaling arguments and MC simulations that for isotropic diffusion, in the asymptotic limit of slow deposition rate, ␥ϭi*/(i*ϩ2) ͓128,137,138͔. However, in the case that the small islands of size sрi* are not unstable but only mobile, the scaling exponent takes the form ␥ϭi*/(2i*ϩ1) ͓129,141͔. For systems in which only the single atom is mobile ͑such as the DLA model͒, i*ϭ1 and ␥ϭ1/3 ͓142͔. The typical distance between the centers of islands, which is given by l ϭN Ϫ1/2 , then scales as
͑3.3͒
The growth potential of each cluster is limited by this distance, beyond which it merges with its nearest neighbors.
Therefore, l is an upper cutoff for the scaling range of the DLA-like islands for the given experimental conditions ͓143,144͔. This cutoff can be pushed up by varying the growth conditions, namely, the temperature and the flux. However, Eq. ͑3.3͒ indicates that in order to add one order of magnitude to l one needs to increase the ratio h 0 /F by a factor of 10 6 . This can be done either by reducing the flux, or by raising the temperature, which would increase the hopping rate. To get a broad scaling range one can also choose a substrate with very low hopping barriers, so the required deposition rate would not have to be unreasonably small. However, the slow dependence of l on h 0 /F indicates the inherent difficulties in growing fractal islands with a broad scaling range.
We will now try obtain a more quantitative understanding of the situation. First, we will consider the case of no significant thickening of the arms of the DLA-like clusters. In this case the lower cutoff remains of the order of the atom size. The maximal width of the scaling range is then given by ⌬ 0 ϭlog 10 l , where l is given in units of the substrate lattice constant. We thus obtain
͑3.4͒
To approach this width the clusters need to fill the domains of linear size l available to them. The coverage at which this maximal width is obtained is 
where D is the FD of the clusters and the deposition time up to this stage is given by tϭ/F. This, together with Eq. ͑3.4͒, shows the essential property that a linear increase in the scaling range ⌬ 0 ͑given in decades͒ requires an exponential increase in the duration of the experiment. The dependence of ⌬ 0 on the hopping energy barrier and the temperature can be obtained from Eq. ͑3.4͒ by writing h 0 explicitly from Eq. ͑3.1͒, which gives
log 10 e ͬ . ͑3.6͒
It is easy to see that even for a system in which the energy barrier E 0 vanishes, and for the extremely slow deposition rate of Fϭ10 Ϫ6 ML/s, the width of the scaling range, assuming ϭ10
12
, would be ⌬ 0 ϭ3 decades. Under these conditions, and taking Dϭ1.7, the optimal coverage given by Eq. ͑3.5͒ for fractal measurement would be ϭ0.126, which would be obtained after about 35 h of deposition. However, the duration of the deposition experiment in typical submonolayer studies is usually limited to no more than a few hours.
The experimentally feasible scaling range is further limited by the fact that the diffusion properties of physical substrates differ from the DLA model. In particular, the assumption of an infinite separation of time scales, namely, that an isolated atom has high mobility while an atom that has one or more nearest neighbors is completely immobile should be weakened. In a real high symmetry substrate one can identify a variety of hopping rates such as h 0 for an isolated atom, h edge for an atom moving along a step or island edge, and h detach for an atom detaching from a step or island edge. We have seen that for a given substrate temperature, the scaling range can be increased by reducing the flux F. This can be done as long as h 0 ӷFӷh edge ,h detach . However, once the duration of the experiment ͑given by tϭ/F) becomes of the order of h edge Ϫ1 or h detach Ϫ1 , diffusion along and away from the edges becomes significant and modifies the morphology of the islands. These processes allow atoms to gradually diffuse into the otherwise screened regions of the DLA-like island. As a result, the arms becomes thicker and shorter and the islands become more compact. For the discussion below we will denote by h 1 ϭmax(h edge ,h detach ) the highest hopping rate among the edge moves that may affect the island morphology. h 1 can be expressed in terms of the hopping energy barrier for this process, E 1 , just as in Eq. ͑3.1͒. The lowest deposition rate that can be used, without having these edge processes affect the morphology, is of the order of Fϭh 1 . Using this deposition rate the deposition time up to coverage is tϭ/h 1 . From Eq. ͑3.6͒ and h 1 /ϭexp(ϪE 1 /k B T) we obtain that the maximal width ⌬ of the scaling range, in decades, is then given by
͑3.7͒
Using Eq. ͑3.1͒ one can eliminate the temperature and express this width in terms of the activation energy barriers and the flux F ͑which is chosen equal to h 1 ):
͑3.8͒
To obtain the duration of the deposition experiment, for a given ⌬ we extract F from Eq. ͑3.8͒ and use tϭ/F, where is given by Eq. ͑3.5͒. We obtain Interestingly, the situation expressed by Eq. ͑3.9͒ is somewhat reminiscent of that of the theory of algorithmic complexity ͓145͔. In this theory, there is a distinction between algorithms for which the time complexity function depends polynomially on the input length ͓typically the number of bits needed to describe the input, i.e., ϳln͑input͔͒, and algorithms for which the dependence is exponential. Generally, problems for which there is a polynomial time algorithm are considered tractable while ones for which there are only exponential time algorithms are considered intractable. One can make a rough analogy between ⌬ and the input size, and the experimental duration and computation time. Within this analogy, the growth problem considered here, for which the desired large value of ⌬ is given as input falls, into the class of intractable problems. The understanding of the implications of these ideas to general aggregation problems and other classes of fractal systems would require further studies.
Here we will focus on the conclusions drawn from Eqs. ͑3.8͒ and ͑3.9͒ on specific experimental systems. fcc ͑111͒ metal surfaces are the most promising experimental systems for studies of the growth modes considered here. The energy barriers for Al͑111͒ are E 0 ϭ0.04 eV and E 1 ϭ0.32 eV ͓146,147͔. For Rh͑111͒ E 0 ϭ0.16 eV and E 1 ϭ0.54 eV ͓148͔ while for Pt͑111͒ E 0 ϭ0.12 eV and E 1 ϭ0.69 eV ͓149,150͔. These numbers indicate that Al͑111͒ can provide the widest scaling range for an experiment of a given duration. Using the equations above, for Al͑111͒ we find that it is feasible to obtain ⌬ϭ2 decades, which requires Tϭ118 K and Fϭ0.02 ML/s. However, ⌬ϭ2.5 decades is already highly unfeasible since it requires a deposition rate of about 1ML/38 h ͑at Tϭ94 K͒. These results seem to be consistent with the experimental findings reported in Sec. II, where for aggregation processes no measurements are reported with significantly more than two decades of scaling range. To summarize, we have shown that the growth of DLA-like clusters is limited by two processes: ͑1͒ the nucleation density, and ͑2͒ edge mobility and detachment. The resulting clusters can, under realistic conditions, exhibit at most 2-3 decades of scaling range.
IV. DISCUSSION
The MBE systems examined here are representative in the sense that they exhibit spatial fractal structures which form out of thermal equilibrium. The need for a separation of time scales seems to be more general for nonequilibrium aggregation and growth processes, although the details and the particular exponents may be different. Moreover, DLA-like structures account for a significant fraction of the surveyed papers. The analysis presented here is directly relevant to systems in which a finite density of DLA-like clusters is nucleated on a substrate. On the other hand, for growth of a single DLA-like cluster, in problems such as electrodeposition, different considerations are required but we believe that the issue of separation of time scales between the fractal generating processes and the smoothing processes determines the width of the scaling range also there.
To explain why our arguments are specific to nonequilibrium systems we will use 2D percolation as an example of an equilibrium critical system. In a 2D percolation experiment, one can use a similar apparatus as described above for MBE. It is then assumed that diffusion is negligible and atoms are deposited until the coverage reaches the percolation threshold. In such an experiment there is basically no dynamics on the surface. The only constraint is that the deposition will be completed and all measurements are performed at a time scale small compared to the hopping time. However, the hopping time can be made as long as needed by reducing the substrate temperature. Under these conditions, there are no dynamical constraints on the width of the scaling range, which is only limited by the system size, the precision in which the percolation threshold is approached and the apparatus.
The discussion so far focused on highly correlated systems generated by dynamical processes such as diffusion and aggregation. However, weakly correlated systems may also exhibit fractal behavior over a limited range of length scales. This behavior may appear in porous media in the limit of low volume fraction of the pores, or in surface adsorption systems in the low coverage limit. In this case the fractal behavior does not reflect the structure of the basic objects ͑such as pores or clusters͒ but their distribution. Using simple models consisting of randomly distributed spherical or rodlike objects, we performed multiple resolution analysis and obtained analytical expression for the box-counting function in this case ͓151-154͔. It was shown that in the uncorrelated case, at subpercolation coverage, one obtains fractal behavior over 0.5-2 decades. The dimensions are found to be nonuniversal, and vary continuously as a function of the coverage. The lower cutoff in these systems is determined by the basic object size while the upper cutoff is given by the average distance between them. It is interesting that this independent analysis, which applies to a different class of systems from the ones we focused on in this paper, also gives rise to a fractal range of less than two decades.
V. SUMMARY
In summary, we have performed a comprehensive survey of experimental papers reporting fractal measurements. Focusing on spatial fractals, these systems were classified according to the types of systems and processes. It was found that for self-similar fractals, the width of the scaling range is typically limited to less than two decades with remarkably few exceptions. In an attempt to examine the origin of this behavior we have focused on a class of MBE experiments in which a finite density of DLA-like clusters nucleate and grow. We have derived an expression of the duration of the deposition experiment that is required in order to obtain a given width ⌬ for the scaling range. This expression shows that the experimental time increases exponentially with ⌬, given in decades. Applying this expression to real experimental systems, such as the MBE growth of Al on Al͑111͒ it is found that the feasible range is up to about two decades. This result is in agreement with the findings of our survey for aggregation phenomena. Understanding the processes that determine the cutoffs in the entire range of fractal systems, e.g., surfaces and fronts, porous media, and other aggregation processes requires further studies.
